Regulatory T cells (Treg) play critical roles in the modulation of immune responses to infectious agents. Further understanding of the factors that control Treg activation and expansion in response to pathogens is needed to manipulate Treg function in acute and chronic infections. Here we show that chronic, but not acute, infection of mice with lymphocytic choriomeningitis virus results in a marked expansion of Foxp3 + Treg that is dependent on retroviral superantigen (sag) genes encoded in the mouse genome. Sagdependent Treg expansion was MHC class II dependent, CD4 independent, and required dendritic cells. Thus, one unique mechanism by which certain infectious agents evade host immune responses may be mediated by endogenous Sag-dependent activation and expansion of Treg.
Regulatory T cells (Treg) play critical roles in the modulation of immune responses to infectious agents. Further understanding of the factors that control Treg activation and expansion in response to pathogens is needed to manipulate Treg function in acute and chronic infections. Here we show that chronic, but not acute, infection of mice with lymphocytic choriomeningitis virus results in a marked expansion of Foxp3 + Treg that is dependent on retroviral superantigen (sag) genes encoded in the mouse genome. Sagdependent Treg expansion was MHC class II dependent, CD4 independent, and required dendritic cells. Thus, one unique mechanism by which certain infectious agents evade host immune responses may be mediated by endogenous Sag-dependent activation and expansion of Treg.
A hallmark of the mammalian immune system is the ability to distinguish between self and nonself antigens. The mechanisms controlling this outcome begin during T-cell development in the thymus. T cells expressing a fully rearranged T-cell receptor (TCR) with relatively high affinity to antigens presented in the thymus are deleted or rendered anergic during the process of negative selection. As a result, mature T cells in the periphery are largely specific for nonself antigens. Because this process is not completely efficient, additional mechanisms are required in the periphery to maintain homeostasis. Regulatory T cells (Treg) are a subset of CD4 + T cells that express the lineage commitment transcription factor Foxp3 and are critical in controlling selftolerance in the periphery (1, 2) . Treg use a number of mechanisms to suppress the activation and effector function of conventional Foxp3 − T cells (Tconv) (3) , and their importance is evident in that mice and humans lacking functional Foxp3 develop multiorgan autoimmunity early in life (4) (5) (6) .
Treg originate from at least two sources. First, T cells expressing TCR with intermediate affinity to thymic antigens escape negative selection and develop into Foxp3-expressing Treg (natural Treg). It has been shown that natural Treg share a nonoverlapping TCR repertoire with Tconv, suggesting that the natural Treg population may be biased toward self-antigens (7) (8) (9) . Additionally, Treg can differentiate from Foxp3
− precursors in the periphery in response to TCR stimulation and TGF-β (induced Treg) (10) . Although the antigen specificity of induced Treg cells is less clear, these cells may recognize a combination of self and nonself antigens. Nevertheless, the relationship between the antigen specificity of Treg and their effector function is not clear.
After an infection, the balance between Tconv and Treg is critical. Pathogen-specific CD4 + and CD8 + T cells rapidly expand after infection and, in most cases, clear the infection. Treg may play a role during acute infection, but their importance is still unclear (11) . However, during chronic infection, Treg can play critical roles by limiting excessive immune activation and tissue damage, while at the same time facilitating pathogen persistence and maintenance of immunity (12) . Further understanding of the role of Treg during chronic infection has been limited by our lack of knowledge regarding the stimuli that drive Treg activation and expansion in these situations. Not only are pathogen-specific antigens continuously presented during chronic infection, but tissue damage may also result in the presentation of self-antigens. Some studies suggest that Treg that expand after chronic infection can be pathogen specific (13) (14) (15) , but these findings are not universal (16) . Thus, additional information regarding the mechanism of Treg activation and expansion during chronic infection is important.
To examine the role of Treg after infection, we have used the mouse model of infection with lymphocytic choriomeningitis virus (LCMV). Using different strains of the virus, this model allows differentiation between the effects of acute and chronic viral infection. The Armstrong strain of LCMV causes an acute infection that is cleared within 1 wk, whereas the variant clone 13 establishes a chronic infection whereby the mice remain infected virtually for life (17) . Treg activation and expansion after clone 13 infection in C57BL/6 mice was most prominent among a subpopulation of cells expressing the TCR Vβ5 segment. These cells expanded from a preexisting population of Treg and displayed characteristics of a superantigen (Sag)-mediated response. In addition to the Vβ specificity, the Treg response was MHC class II dependent, CD4 independent, and entirely dependent on retrovirus-encoded Sags in the mouse genome. Our results describe a unique mechanism by which "self-reactive" Treg expand after chronic infection.
Results

Vβ5
+ Treg Expand During Chronic Viral Infection. We compared the frequency and phenotype of Treg in C57BL/6 mice during the course of Armstrong or clone 13 LCMV infections. Treg dramatically increased in frequency among splenic CD4 + CD8 − T cells during clone 13, but not Armstrong, infection. This increased frequency of Foxp3 + Treg was transient and peaked at ≈17 dpi (days post infection) (Fig. 1A) . The increase in frequency also translated to an approximately threefold increase in absolute numbers of splenic Treg at the peak. Furthermore, Treg from clone 13-infected mice displayed a more activated phenotype than those from Armstrong-infected animals (Fig.  1B) . Specifically, Treg from clone 13-infected mice downregulated the lymphoid homing marker CD62L and up-regulated the activation marker CD69. Two cell-surface markers that have been described as in vivo activation markers of Treg, CD101 (18) and CD103 (19) , were also expressed on a higher percentage of Treg from the clone 13-infected group. In addition, Treg from the clone 13-infected mice had higher levels of the costimulatory/inhibitory markers Inducible T cell Costimulator (ICOS), Programmed Death 1 (PD-1), OX-40 (CD134), and 4-1BB (CD137).
We next asked whether the increased frequency and number of Treg observed during clone 13 infection was the result of an expansion of a subpopulation of Treg that could be detected by a skewing of the TCR Vβ repertoire. The percentage of Treg expressing different mouse TCR Vβ segments was determined by flow cytometry, and a marked increase in the frequency of Treg expressing TCR Vβ5 was observed specifically during clone 13 infection (Fig. 1C) (Fig. 1E) . In a standard in vitro suppression assay, the expanded Vβ5 + Treg maintained their anergic status and were as suppressive as the Vβ5 − Treg (Fig. S1 ), indicating that the expanded Vβ5 + Treg were functional. The failure to observe Treg expansion during Armstrong infection correlated with the absence of viral chronicity and not with the minor sequence differences between the two strains. When perforin −/− mice that lacked functional cytotoxic T cells were infected with Armstrong to establish a persistent infection (20) , the magnitude of Vβ5 + Treg expansion was similar to that of wild-type mice infected with clone 13 (Fig. S2A) . Conversely, when IL-10 −/− mice were infected with clone 13 to allow rapid viral clearance (21) , no expansion of Vβ5 + Treg was observed ( Fig. S2B ), suggesting that chronic infection was both necessary and sufficient to drive Vβ-specific Treg expansion. Among the endogenous CD4 + T cells, the percentage of cells expressing Foxp3 increased to levels observed previously. However, no induction of Foxp3 was detected in the transferred CD4 + T cells, indicating that Treg are not generated de novo under these conditions. Because LCMV infects the thymus, it remained possible that the increase in number of Vβ5 + Treg was due to an increase in thymic generation. However, Vβ5 + Treg expansion was completely normal when adult thymectomized mice were infected with clone 13 (Fig. S3) .
To test whether the expanded Vβ5 + Treg were derived from the endogenous Treg pool, we transferred GFP/Foxp3 + T cells into congenic mice 1 d before clone 13 infection. At 15 dpi, endogenous and transferred Treg were analyzed to determine the percentage of cells expressing Vβ5 (Fig. 2C ). The increase in frequency of Vβ5 + Treg was the same among endogenous and transferred Foxp3 + cells (2.8-and 2.5-fold, respectively), consistent with the preferential expansion of a preexisting population of Treg. To further test this hypothesis, we examined cell division of the different CD4 + T-cell populations early in infection. At 7 dpi, the CD4
+ subset had the highest percentage cells incorporating BrdU and expressing the cell cycle marker K i -67, compared with all other CD4 + T cell populations (Fig. 2D ).
+ Treg Expand in Response to Mtv Sag. Studies in other infectious disease models suggest that Treg in infected animals can be specific for the infectious organism. We obtained no evidence for LCMV-specific reactivity of Treg from clone 13-infected mice, including the failure to bind a peptide (GP66-77)-MHC class II tetramer specific for an immunodominant LCMV epitope (Fig. S4) .
Because the major fraction of Treg that expanded after clone 13 infection was restricted to a specific Vβ subset, we hypothesized that a Sag was responsible for proliferation. We initially analyzed whether the Vβ5 (Fig. 3B) , together suggesting that the expansion of the 
+ subset was MHC class II dependent and CD4 independent. This pattern is consistent with Sag-mediated activation of CD4 + T cells (24, 25) . Significantly, in the CD4 −/− mice, no expansion of the Vβ5 + cells was detected in the CD8 + Foxp3 + population (Fig. 3B ), indicating that CD8 cannot substitute for CD4 as a coreceptor in this mechanism of Treg expansion.
Because LCMV has not been previously shown to express a Sag, a likely explanation for our results was that the expansion of the Vβ5 + Treg was secondary to stimulation by an endogenous Sag, such as mouse mammary tumor virus (Mtv)-encoded Sag. Most common strains of laboratory mice carry endogenous Mtv proviruses containing Sag genes in their germline (26) . Endogenous Mtv Sag expression in mice expressing MHC Class II I-E leads to intrathymic deletion of specific Vβ subsets in a strain-dependent manner (27) . We infected several strains of mice expressing I-E with clone 13 and analyzed the effects of infection on the Vβ repertoire. In every strain, infection with clone 13 resulted in selective expansion of a Vβ-expressing CD4 +
Foxp3
+ population that was normally deleted by Mtv-encoded Sag in the thymus (Table S1) (Fig. 4A) . No changes in the percentages of the other Vβ populations were detected. These Vβ5 + and Vβ12 + Treg displayed an activated phenotype similar to that seen in the expanded Vβ5 + Treg in the C57BL/6 mice (Fig. 4B ). To rule out the possibility that the differences observed between C57BL/6 and BALB/c mice were due to the different genetic backgrounds, we also infected B10.D2 (H-2 (Fig. S5) . These results are consistent with an Mtv Sag-mediated increase in Treg cells after LCMV infection.
Treg Do Not Expand After Infection of BALB/c Mtv-Null Mice. To directly prove that expansion of the Vβ5 and Vβ12 Foxp3 + subsets in BALB/c mice was secondary to activation by endogenous Mtv Sag, we infected congenic BALB/c mice lacking all three of the endogenous Mtv proviruses (Mtv-null) (28) and analyzed their Vβ repertoire. Consistent with a lack of Mtv Sag, these mice had a substantial population of T cells that expressed either Vβ5 or Vβ12 in Foxp3 + and Foxp3 − subsets. However, we observed no change in the frequencies of either Vβ5 + or Vβ12 + Treg in these mice after clone 13 infection (Fig. 5A) , suggesting that the observed Vβ-specific Treg expansion was due to stimulation by an endogenous retroviral Sag. We also infected F1 crosses between the Mtv-null mice and either wild-type C57BL/6 or BALB/c mice. Vβ5 and Vβ12 T-cell deletion occurred as expected in the F1 hybrids, and Vβ5 + and Vβ12 + Treg expanded to the same extent as seen in the wild-type BALB/c mice (Fig. S6) , thus demonstrating that the presence of the Mtv Sag is dominant.
To determine the relative contribution of each of the Mtv Sag to Treg expansion, we infected congenic BALB/c strains carrying single Mtv proviruses (called BALB/Mtv6, BALB/Mtv8, and BALB/Mtv9). The BALB/Mtv6 animals failed to delete both Vβ5 and Vβ12 T cells, and no expansion of Treg in either population was observed after infection (Fig. 5B) . Uninfected BALB/Mtv8 animals had normal numbers of Vβ5 + and ≈50% of Vβ12 + T cells (compared with Mtv-null and BALB/Mtv6 mice), and only the Vβ12 + Treg expanded after clone 13 infection (Fig. 5C ). However, the BALB/Mtv9 animals were similar to wild-type BALB/c (both in terms of T-cell deletion and Treg expansion after infection) (Fig. 5D) , suggesting that Mtv9 Sag is the major contributor to the expansion of Treg observed in wild-type mice. Mtv Sag-Dependent Treg Expansion Requires Dendritic Cells. To address the mechanism by which chronic infection results in Mtv Sag-dependent Treg expansion, we first asked whether LCMV infection resulted in increased expression of the endogenous sag genes. Because Mtv8 and Mtv9 Sag seemed to be responsible for the Vβ-specific Treg expansion, we determined the relative expression of these genes in splenic MHC class II (I-A/I-E)-enriched cells from BALB/c mice by quantitative real-time PCR using primers specific for the intragenic env promoter and 3′ LTR sequence (Mtv6 does not contain an env gene and therefore could not be detected using these primers). At 8 dpi, Mtv8 and/or Mtv9 sag expression was up-regulated ≈2-and 25-fold in Armstrong-and clone 13-infected mice, respectively, compared with uninfected controls (Fig. 6A) . The inability to detect a product in cells isolated from the Mtv-null mice demonstrated that the primers were specific. Because the I-A/I-E enriched cells were a heterogeneous pool, we sought to further define the type of antigen-presenting cells responsible. Previously, both B cells and dendritic cells (DC) have been shown to be the primary antigen-presenting cells that express several endogenous Mtvs in the periphery (29) . We examined the role of each of the cell types initially using genetically deficient mice. Infection of C57BL/6 B cell-deficient mice (μMT) with clone 13 resulted in Vβ5 + Treg expansion similar to that in wild-type mice. However, Flt3L −/− mice (which are defective in several hematopoietic cell lineages, but primarily DC) infected with clone 13 displayed only a modest (approximately twofold) increase in frequency of Vβ5 + Treg (Fig. 6B) , suggesting that Sag presentation by B cells was not necessary and that DC were primarily responsible for the Treg expansion.
To further define the role of DC in the expansion of Treg, we used the CD11c-diphtheria toxin receptor (DTR) mice (30) . Lethally irradiated C57BL/6 mice reconstituted with CD11c-DTR bone marrow were infected with clone 13 and injected with DT or saline as a control every other day throughout the course of infection. At 17 dpi, DT-treated mice did not contain CD11c/ GFP + cells in their spleens (Fig. 6C) , and viral titers in the DTtreated mice were similar to those in controls (Fig. 6D) . These results indicated that the DC depletion was efficient and that DT treatment did not alter the course of infection. However, mice treated with DT had significantly fewer Vβ5 + Treg than controls (25.5% reduction; Fig. 6E ). Finally, Mtv8 and/or Mtv9 sag expression was assessed in purified splenic DC (defined as TCRβ − CD49b − CD11c + cells). At 8 dpi, Sag expression levels were highest in DC from clone 13-infected animals (Fig. 6F) , suggesting that modulation of Sag gene expression in DC may be important for Vβ-specific Treg expansion.
Discussion
These studies define a unique mechanism of Treg activation and expansion after chronic viral infection. Infection of C57BL/6 mice with LCMV clone 13 resulted in the selective expansion of a preexisting population of Treg expressing TCR Vβ5, whereas infection of mice expressing MHC class II I-E resulted in the selective expansion of Treg expressing particular Vβ subsets that were deleted in the thymus. Taken together, we believe that the Vβ-specific Treg expansion observed after chronic LCMV infection is mediated by Mtv-encoded Sag proteins because (i) the Treg response is Vβ specific and corresponds with specific Sag-expressing Mtvs found in the germline of multiple mouse strains, (ii) the Treg response is MHC class II dependent and CD4 independent, (iii) the use of a congenic BALB/c mouse strain lacking all endogenous Mtvs abolished Vβ-specific Treg expansion, and (iv) F1 hybrids between Mtv-null and BALB/c mice revealed that Treg expansion is dominant, typical of Sagmediated effects. Although C57BL/6 mice do not delete Vβ subsets in the thymus because of the lack of I-E expression, Mtvdependent abortive activation and deletion of Vβ5 + T cells in the periphery of older mice is observed (31) . Therefore, we suggest that a similar Mtv Sag-dependent mechanism occurs during chronic viral infection in C57BL/ 6 mice that leads to the expansion of Treg. The T-cell repertoire of almost all inbred mouse strains is influenced by the expression of various Sags encoded by Mtv proviruses (26, 27) . In the present study, we define a major role for Mtv9 in causing expansion of Treg after chronic LCMV infection. However, it is interesting to note that not all Foxp3 + Vβ subpopulations recognized by an Mtv-encoded Sag expanded after infection. Although the reason for this observation is not clear, it may be related to several factors. The levels of sag mRNA produced by different Mtv proviruses are known to differ and may be dependent on the mouse strain. Further, the cell types for Mtv Sag expression vary according to the provirus, likely owing to variations in their transcription control regions (32, 33) . The levels of MHC class II necessary for Sag expression on DC also may vary after LCMV infection. MHC haplotype and the presence or absence of I-E play a role, because Vβ12 expansion occurs in BALB/c and B10.D2 strains that express H2 The mechanism by which chronic LCMV infection results in Mtv Sag-dependent Treg activation and expansion seems to, at least partially, require DC presentation of the endogenous Sag. Although B cells and DC have been shown to express endogenous Mtv genes in the periphery (29) , mice genetically lacking DC showed only a modest level of Vβ-specific Treg expansion after infection. The observation that Vβ-specific Treg expansion was limited in mice depleted of DC by DT treatment provides further evidence that DC are important. However, the fact that Vβ5 + Treg were 75% of the levels of controls in the latter experiment suggests that other cells types may contribute. Although the presence of B cells was not necessary to drive Vβ-specific Treg expansion, B cells may contribute under normal circumstances.
Indeed, sag gene expression levels were highly up-regulated in total MHC class II-enriched cells (a population that largely consists of B cells). The failure to observe Treg expansion after acute LCMV infection is likely due to much lower expression of Mtv8 and/or Mtv9 sag mRNA and, presumably, Sag presentation on DCs compared with that observed during chronic infection by clone 13.
It is unclear from these studies why Mtv Sag-specific T cell expansion was confined to the Foxp3 + subset, because Sags have not previously been shown to differentiate between different populations of Vβ-specific cells. One explanation may be that some expansion of Foxp3 − Vβ5 + T cells may have occurred during the course of the chronic infection but was balanced by deletion similar to that seen by exogenous mouse mammary tumor virus (MMTV) Sag after infection (34) . Previous studies have also shown that Treg are less susceptible to Sag-dependent deletion (35) . Alternatively, activated Foxp3 + T cells could have functioned to suppress any activation of Foxp3 − Vβ5 + T cells. Further, Sag activation, although occurring in a TCR Vβ-specific fashion, may be enhanced by the presence of costimulatory/adhesion molecules that are not involved in the activation of T cells by conventional antigens (36) . Foxp3 + Treg may preferentially use such unique costimulatory molecules.
Various chronic infections, including some retroviruses, have been correlated with modest increases in Treg numbers and, in some cases, Treg have been implicated in determining the outcome of infection (37) . We have as yet been unable to directly determine whether Mtv Sag-mediated Treg expansion is involved in the establishment of chronic infection in this model. Viral titers in wild-type and Mtv-null BALB/c mice were similar throughout the course of infection with clone 13. However, the expansion of Treg in BALB/c mice was modest, and many other factors may play roles in the control of viral chronicity. Nevertheless, the absence of Mtv proviruses has been linked to altered outcomes to disparate infectious agents. For example, infection of Mtv-null mice with MMTV or a thymotropic variant prevents breast cancer or leukemia (28, 38) . It is possible that these results are related to Mtv Sag effects on Treg.
Infection with EBV results in the expression of an endogenous retroviral Sag that is encoded in the envelope gene of an endogenous human retrovirus, HERV-18, localized to a region of DNA in the vicinity of an EBV-inducible enhancer (39) . Although Vβ-specific T-cell activation was observed in these experiments, it did not seem to be Treg specific. Additionally, because HERV-18 is normally transcriptionally silent and only expressed after infection (in contrast to Mtv Sags that are constitutively expressed), it is unlikely that these phenomena are related mechanistically. However, ≈8% of the human genome corresponds to endogenous retroviral or retrovirally related sequences that can encode Sags (40), many with unknown functions. Therefore, the possibility that other HERV-encoded Sags may exert similar effects on Treg activation and expansion in man exists.
Methods
Mice and Infection. Commercially available mice were obtained from Jackson Laboratories or Taconic. Mtv-null mice and Mtv single-positive mice were generated as previously described (28) . Infection of adult mice (6-8 wk old) with LCMV Armstrong or clone 13 was performed as previously described (17) .
Adoptive Transfer and Flow Cytometry. Cells for adoptive transfer experiments were FACS sorted using a FACSAria cell sorter (BD Bioscience) and transferred i.v. into congenic recipients 1 d before infection. Spleen samples were harvested at the indicated dpi and stained with appropriate fluorescently labeled antibodies. Flow cytometry data were collected using a FACSCalibur or LSR II cytometer (BD Bioscience), and data were analyzed using Flowjo (Treestar).
RT-PCR. Spleens from indicated animals were digested with liberase (Roche) at 37°C. Splenic MHC class II + cells were enriched by magnetic-activated cell sorting using a PE-labeled anti-I-A/I-E antibody followed by antiphycoerythrin magnetic beads (Miltenyi), and purified DC were FACS sorted. Total RNA was purified from each population of cells, and cDNA was synthesized using RT (Invitrogen). RT-PCR for Mtv Sags was performed using SYBR-green (Applied Biosystems) and the following primers: 5′ intragenic env promoter, ATCGC-CTTTAAGAAGGACGCCTTCT; and 3′ LTR sequence, GCAAAGCAGAGCTAT-GCC. A dissociation curve was run at the conclusion of the reaction to verify a single product. Control RT-PCR was performed using the 18S rRNA reaction kit (Applied Biosystems).
